• There is well-circumscribed white matter damage in pediatric epilepsy after surgery 21
1 Introduction 63 5 scale IQ in children (Paldino et al., 2017b (Paldino et al., , 2019 Zhang et al., 2018) . Of note is that network 88 properties not only provide biologically and psychologically relevant measures in the 89 pediatric epileptic brain cross-sectionally, but are also highly replicable longitudinally 90 (Paldino et al., 2017a) . 91
An alternative way to examine cortical connectivity is to focus on structure and 92 quantify the integrity of the underlying white matter (WM) obtained from diffusion MRI. 93
Some diffusion neuroimaging studies have revealed abnormalities even beyond the 94 epileptogenic zone, including in regions that are typically associated with the default mode 95 network (DeSalvo et al., 2014) and in the limbic system (Bonilha et al., 2012) . In addition to 96 insights that can be gleaned about the structural connectivity, diffusion MRI can also be used 97 to assess the microstructural properties of the WM. For example, Pustina et al. (2014) 98 revealed a decrease in fractional anisotropy (FA), which is a measure of WM integrity, in 99 numerous tracts of patients with cortical resections, but especially in the ipsilesional tracts 100 including the uncinate and fornix. However, these structural neuroimaging studies were 101 conducted mostly with adults where the opportunity for plasticity is less than in younger 102 patients. 103
Here, we used diffusion MRI with children who had undergone unilateral cortical 104 resection. To our knowledge, there has not been a systematic assessment of WM in the 105 VOTC postoperatively, and this is especially warranted in light of the previous findings of 106 normal visual perception as described above. Moreover, because a reduction in structural 107 connectivity is associated with reduced regional grey matter volume (Bonilha et al., 2010) , a 108 precise characterization of WM changes might be especially revelatory. 109
We adopted two different approaches to characterize the integrity of WM and its 110 organization: first, we examined the microstructural properties of specific WM tracts that 111 traverse the VOTC, and second, we evaluated cortical connectivity of the intact VOTC. In the 6 first approach, we examined the local effects of resection on two VOTC WM tracts: the 113 inferior longitudinal (ILF) and inferior fronto-occipital fasciculi (IFOF). We measured the 114 FA, as well as the axial diffusivity (AD), a measure of diffusion parallel to the length of a 115 tract, and the radial diffusivity (RD), a measure of the diffusion perpendicular to the tract. We 116 selected these dependent measures as they generally offer clearer insight into the nature of 117 injury than other measures, say, the mean diffusivity (Aung et al., 2013) . We expected to 118 observe hemispheric asymmetries in microstructural WM properties that could result from 119 either an enhancement in the contralesional tracts, indicative of a compensatory mechanism, 120 or an asymmetry in which compromised ipsilesional tracts are evident while the 121 microstructural indices of contralesional tracts do not differ from those of the controls. In the 122 second approach, to assess any possible WM changes on a broader scale, we used graph 123 theory to characterize the network organization of the structurally intact contralesional VOTC 124 and compared the network properties in the patients versus the control children. 125
The findings from this study have the potential to uncover important alterations in 126 neural mechanisms following an assault on cortical development during childhood. Major 127 Participants included six pediatric patients with resections to the VOTC and two 138 patients with resections outside the VOTC, and 15 age-matched typically-developing controls 139 (three female, 12 male, mean age 14.5 ± 3.1 years; no age difference across groups, 140
Wilcoxon rank sum test p>0.67). In total, three patients had resections to the RH and five had 141 resections to the left hemisphere (LH). In seven of the eight patients, surgery was performed 142 to manage pharmacoresistant epilepsy and, in the remaining case, surgery was performed for 143 an emergent evacuation of cerebral hematoma at day one of life ( in which neural responses to images (faces, words, house and objects, as well as scrambled 149 images) were measured, and used to define category-selective regions, which preferentially 150 responded to one of the visual categories. In two patients with LH resection (SN and TC), the 151 visual word form area, which is necessary for processing of words and typically localized in 152 the LH, was instead localized in the RH. 153
The behavioral profiles for six patients have also been previously documented (Liu et 154 al., 2018 , Liu, Freud et al., 2019 , and the data from the two additional patients (SN and DX) 155 are presented here. Briefly, all participants completed several tasks designed to assess their 156 visual perception (see Supplementary Materials Section C for more details). In these tasks,
We compared patients' behaviors (Table 2), in terms of collinearity thresholds,  163 accuracy, and response times, to age-matched controls. Although it is difficult to know 164 exactly what the patients' phenomenological experience was like and self-report is often 165 imprecise (as is true for other cases of field defects such as hemianopia or quadrantanopia), 166 the patients' performance was nevertheless comparable to that of matched typically 167 developing children on a wide range of dependent measures, indicating objective similarities 168 in perception. An impairment was revealed both for the global perception and object 169 recognition tasks in patient NN (who had polymicrogyria and low IQ as a complicating 170 comorbidity), and for the global perception task in patient DX who had non-VOTC resection. 171 172
MRI Protocols 173
Images were acquired on a Siemens Verio 3T scanner with a 32-channel head coil at 174 Carnegie Mellon University. A T 1 -weighted image with 1×1×1mm 3 resolution (MPRAGE, 175 TE=1.97ms, TR=2300ms, acquisition time=5m21s) and one set of diffusion-weighted images 176 with 2×2×2mm 3 resolution (2D EPI, 113 directions, maximum b=4000s/mm 2 , TE=121ms, 177
TR=3981ms, acquisition time=7m46s) were acquired for all participants. The neuroimaging 178 data presented are being uploaded to KiltHub, Carnegie Mellon's online data repository 179 (reserved DOI: 10.1184/R1/9856205). However, the DOI will appear empty as the process is 180 pending institutional approval. We trust that this will be available online after the review 181 process. 182 183
Microstructural properties of VOTC white matter pathways 184
This first approach allowed us to determine whether there were local microstructural 185 alterations to either of the two major WM tracts that traverse the VOTC (Catani et al., 2003, 9 running along the lateral and inferior wall of the lateral ventricles. The IFOF is an indirect 188 pathway that runs from the occipital to the temporal lobes and then passes through the 189 uncinate and corona radiata along the lateral border of the caudate nucleus, finally 190 terminating in the frontal lobes. 191
The diffusion data were reconstructed in DSI Studio (http://dsi-studio.labsolver.org) 192 using generalized q-sampling imaging (Yeh et al., 2010) with 1.25 diffusion sampling ratio. 193
We used a deterministic fiber tracking algorithm (Yeh et al., 2013) with whole-brain seeding, 194 0.20 quantitative anisotropy threshold, 0.20mm step size, 20mm minimum length, and 195 150mm maximum length to generate four sets of tractograms with one million streamlines 196 each, at angular thresholds of 30 • , 40 • , 50 • , and 60 • that were ultimately combined to create 197 one effective whole-brain tractogram. These thresholds were consistent with values that 198 allow for robust fiber tract reconstructions as used in the literature (Dennis et al., 2015) . 199
Next, we delineated the ILF and IFOF in the patient group, in both the ipsilesional 200 and contralesional hemispheres, as well as in both hemispheres of the control group. We 201 filtered the global tractogram described above to extract the tracts using the following 202 standard procedure, which has been previously used successfully to generate reproducible 203 results (Wakana et al., 2007) . The ILF was defined using two regions of interest (ROIs) as 204 inclusion masks. One ROI included the entire occipital cortex and was located coronally at 205 the most anterior slice of the parieto-occipital sulcus. The other ROI included the entire 206 temporal lobe and was located coronally at the most posterior slice in which the temporal 207 lobe was detached from the frontal lobe. The IFOF was defined similarly: one ROI included 208 the entire occipital cortex and was located coronally halfway between the anterior and 209 posterior slices of the parieto-occipital sulcus. The other ROI included the entire frontal lobe 210 and was located coronally at the anterior edge of the genu of the corpus callosum. For both 211 tracts, streamlines that projected across the midline were discarded. 212
We measured the FA, AD, and RD of the tracts also in DSI Studio. These indices 213 were only measured along the tracts, which were external to the resection areas (i.e. the tracts 214 were located superior or inferior to, or more medially/laterally with respect to the resection). 215 may not have been sufficiently systematic across cases. Therefore, we studied only the 237 contralesional hemisphere and its network properties. 238
For each participant, we used only a single tractogram to define the network 239 connectivity, with an angular threshold of 60 • . All other thresholds were the same as in 240 Section 2.3, except for the number of streamlines. Instead of terminating tractography once a 241 specific number of streamlines was reached, here, we controlled the seed density (20/voxel) 242 by placing seeds only in the mask encompassing the preserved hemisphere in each individual 243 to control for the variability in the participants' head sizes. 244
Next, we used cortical ROIs based on the parcellation of the anatomical images using 245 the Destrieux atlas (Destrieux et al., 2000) in FreeSurfer (Dale et al., 1999) . The parcellation 246 output was visually inspected and confirmed to be reliable in the structurally preserved 247 hemisphere of the patients (see Supplementary Materials Section B for list of the regions 248 comprising the VOTC that were used as network nodes). We generated a connectivity matrix 249 in DSI Studio, such that, for any ROI pair, the connectivity value was the mean FA of all 250 tracts that pass through both ROIs. We binarized the connectivity matrix for each individual 251 by using a threshold of one standard deviation below the mean FA (excluding FA values of 0 252 -i.e. ROI pairs that were not connected by any streamline was not used in the computation of 253 the threshold). Any value higher than the threshold was assigned a value of 1, and every other 254 value was assigned a value of 0. With this binary connectivity matrix, we computed four 255 standard network measures: transitivity, modularity, characteristic path length, and global 256 network efficiency using the Brain Connectivity Toolbox (Rubinov and Sporns, 2010) for 257
MatLab. We then compared these graph-theoretic measures between patients and controls 258 using between-group permutation and single-subject analyses. Additionally, we also 259 explored, on an individual level, the effects of using a different threshold in binarizing the 260 connectivity matrices. 12 262 2.5 Statistical analyses 263
Group comparisons 264
In the between-group comparisons, given the small number of VOTC resection 265 patients, we generated 100,000 permutations of data from the two groups (six VOTC 266 resection patients and 15 controls) and used a two-sample t-test, thus creating a null 267 distribution of t-scores. We did not include the non-VOTC resection patients for this analysis. 268
Then, p-values were computed as the ratio of values that were more extreme than the actual 269 patient versus control group t-score relative to the number of permutations (the number of 270 |t permutation |>t actual divided by 100,000). 271 272
Single-subject level comparisons 273
In the single subject analyses, we used established statistical procedures (Crawford 274 and Howell, 1998) to compare each individual patient's data to the data from the controls. 
ILF and IFOF in VOTC resection patients 281
We defined the ILF and IFOF in six children with unilateral resections to their VOTC, 282 as well as in the controls. We were able to reconstruct the ILF and the IFOF in most patients, 283 even in the ipsilesional hemisphere, as long as the streamlines were outside the resection 284 ( Fig. 1) , with the exception of the ipsilesional ILF and IFOF in KQ and the ipsilesional IFOF 285 in SN. 286
Between-group differences in microstructural properties of the tracts 288
To evaluate the differences between the patients and controls, we computed the mean 289 FA, AD, and RD in both of the identified tracts (Fig. 2 ). Perhaps surprisingly, there were 290 multiple peaks in the null distribution histograms, a result of having extreme values from 291 patients in the pooled data set from both groups that was resampled with no replacement. 292
Relative to this derived null distribution, we found that, for the ipsilesional ILF, FA was 293 lower and both AD and RD were higher in patients than controls (actual between group 294 |t|>2.5, all p<0.01). Meanwhile, for the ipsilesional IFOF, there were only significant 295 differences between patients and controls on RD (higher in patients than controls, between 296 group t=2.5, p<0.05). In contrast, for both the contralesional ILF and IFOF, the findings did 297 not differ significantly between the patients and the controls on any of the microstructural 298 indices (between group |t|<1.69), all p>0.11). Moreover, the results were the same 299 irrespective of whether the patient data were compared to data from either the LH or the RH 300 of the controls, or to the mean of the bilateral tracts in controls. 301 302
Microstructural properties of the ILF 303
Next, we wished to determine whether the observed ipsilesional group differences 304 were present along the entire length of the tracts or restricted to the proximate site of the 305 resection. We plotted the three different microstructural indices along the anteroposterior axis 306 of the ILF (Fig. 3A) . In an exemplar control participant (top rows, Fig. 3A ), the respective 307 microstructural indices of the ILF were each comparable bilaterally along the entire length of 308 the tract. In patients in whom we recovered bilateral ILF, unlike in controls, there appeared to 309 be differences in the microstructural indices of the two hemispheres: visual inspection 310 suggests that FA was lower, and AD and RD were higher in the ipsilesional than in the 311 contralesional ILF (consistent with the finding from the between-group analysis above). 312 Furthermore, these differences appeared to be confined to the extent of the resection of each 313 patient (preserved hemisphere serves as within-subject comparison, Fig. 3A ). Thus, in 314 patients SN and OT who have anterior temporal lobe resections, the within-subject 315 hemispheric asymmetry was evident mostly in the anterior segment of the ILF. While in 316 patients UD, TC, and NN, who had more posterior resections, the within-subject hemispheric 317 asymmetries were evident in the posterior segment of the ILF. were present only in patients with more posterior VOTC resections (preserved hemisphere 338 serves as within-subject comparison, Fig. 4A ), wherein the following patterns, similar to 339 those from the ILF, were seen: FA was lower, AD and RD were higher in the ipsilesional 340 than in the contralesional IFOF. However, the IFOF could not be defined in two of the three 341 patients with anterior resection and so this finding ought to be interpreted with caution. Thus, 342 in patients with posterior resections (UD, TC, and NN), the within-subject hemispheric 343 asymmetries were evident in the posterior segment of the IFOF. 344
We also quantified the microstructural damage by comparing the mean indices in both 345 the anterior and posterior segments of the IFOF in patients to the corresponding values from 346 controls (Fig. 4B) , and found that the significant differences to the microstructural indices of 347 the IFOF was confined to the extent of the resection (Fig. 4B, all Thus far, we have uncovered local changes to specific WM tracts by revealing 365 microstructural damage restricted to the extent of resection. In a complementary approach, 366 we wished to examine whether there were also broader resection-induced changes to the 367 structural connectivity of the visual cortex. We used the same between-group and single-368 subject approaches to characterize the network properties in the intact contralesional 369 hemisphere in the VOTC resection patients as in previous sections. 370 371
Between-group comparisons of network properties 372
First, we combined the data from patients and controls in order to perform 373 permutation testing on the network properties including transitivity, modularity, path length, 374 and efficiency. On a group level (Fig. 6A) , relative to the null distribution, there were no 375 difference between patients and controls, and this was true for all network properties (all 376 |t|<0.4568, all p>0.65). Note that now, there is only a single peak, in the histograms, as the 377 patient group values fall within the same normal distribution as the controls. 378 379
Single-subject comparison of network properties 380
Next, we looked at the network properties on a single-subject level compared to the 381 normative group and we observed a difference in the network properties of a subset of the 382 patients with VOTC resections compared with those of the controls. The four patients with 383
properties, relative to the controls (Fig. 6B ). KQ had higher modularity and characteristic 386 path length and lower network efficiency (all |t|>2.4, all p<0.05), and UD had higher 387 characteristic path length and lower network efficiency (both |t|>2.2, both p<0.05). 388 Importantly, consistent with the results in Section 3.1.4, there were no changes to the network 389 properties in the two patients with resections outside their VOTC (all |t|<1.94, all p>0.11). 390 391
Effects of using different thresholds on the network properties 392
Network analysis is contingent on using robust connectivity matrices. Thus, we also 393 explored the effects of using different thresholds in binarizing the connectivity matrices (see 394 Meanwhile, RD has been more consistently shown to increase due to demyelination (Song et 456 al., 2002 (Song et 456 al., , 2005 , and, specifically, myelin sheath degradation (Seal, et al., 2008 , Klawiter et 457 al., 2011 . The results here showed increased AD values that might indicate axonal increased RD values that might indicate myelin degradation, resulting in diffusion out of the 460 WM bundle. 461
As noted previously, these circumscribed findings ought to be interpreted with 462 caution in that there is a limited number of patients in the sample, and in some patients, the 463 ipsilesional tracts could not be defined. Nevertheless, the results from the VOTC and the non-464 VOTC patients together reveal that these effects are likely a specific outcome of the resection 465 without further degeneration of the WM as a result of surgery, and not due to a more 466 pervasive WM deficits linked to epilepsy or other comorbidities. 467 However, we did not see this preservation in the only other patient with a DNET, UD, who 480 evinced microstructural deficits ipsilesionally and network changes contralesionally. Of note, 481 however, is that UD's surgery occurred when he was 6 years old, but OT's surgery took place 482 when he was 13 years old. OT's extended preoperative development may account for the 483 difference between him and UD, but these speculative comments await additional 484 experimental confirmation. We also consider UD in further detail below (Section 4.2.1). 485 which information can travel across a network. This is somewhat similar to the network 501 efficiency that we measured here and for which we saw significant differences in the RH 502 VOTC resection. The authors postulated that such alterations possibly arise from secondary 503 degradation of long-range WM pathways that may or may not be directly connected to the 504 damaged area. 505 506
Differential hemispheric effects of resection on network properties 507
Given the small number of patients, we cannot definitively attribute the different 508 profiles of network configuration to differences in hemispheric specialization. 509
Notwithstanding the recommendation of caution in interpretation, the findings reported here 510 are provocative enough to warrant some speculation, but additional exploration of this issue 511 is obviously warranted. 512
There is well-known hemispheric lateralization of language to the LH and visual 513 function to the RH in the majority of the population (Corballis, 1983) . That we only see 514 adverse changes to network properties in the two patients with RH VOTC resections might 515 indicate that, in such cases, WM is reorganized in the contralesional LH to accommodate 516 functions that are typically lateralized to, and dominant in, the RH. That is, the visual 517 functions from the RH must be localized elsewhere postoperatively, and a potential location 518 would be in the homologous LH regions. This transfer of function might be made possible 519 via the corpus callosum, which plays a key role in plasticity after brain injury (Restani and 520 Caleo, 2016) and whose maturation depends on coordinated activation across the two 521 hemispheres (Pietrasanta et al., 2012) . 522
One explanation of why there is no commensurate reorganization of the contralesional 523
All that being said, we recognize that cognitive impairments in domains that are not 558 directly associated with visual function (e.g. IQ below 70) might already be present 559 premorbidly (Veersema et al., 2019) (Li et al., 2019) . However, the authors did not measure behavioral outcomes in these patients. 578
In Decramer et al (2019) , recovery of behavioral function was seen in a single patient who 579 had persistently damaged WM. As we only have cross-sectional diffusion data, albeit coupled 580 with several behavior measures, we cannot comment on the longitudinal variations in the 581 microstructural damage in our patients. However, the data from each patient used in the 582 analyses were obtained at various times postoperatively, ranging from only a few months to 583 more than a decade, and the patterns in microstructural damage are, nevertheless, largely 584 similar across all the cases. It is, therefore, likely that the postoperative focal damage is 585 persistent in the patients presented here and this is in the face of their largely normal higher-586 order perceptual abilities. 587
In sum, the current findings reveal an apparent dissociation between the postoperative 588 structural damage and the intact behavioral competence in these patients. This finding 589 contrasts with several studies reporting an association between compromised VOTC WM 590 tracts and visual behavioral deficits, such as in prosopagnosia (Gomez et al., 2015 , Thomas et 591 al., 2009 Geskin and Behrmann, 2018) . For instance, in the absence of obvious neurological 592 damage and ample visual experience, individuals with prosopagnosia do not acquire normal 593 face recognition skills. In such individuals, both the ILF and IFOF were abnormal and, 594 interestingly, the severity of the face recognition deficit was correlated with the extent to 595 which the ILF was compromised (Gomez et al., 2015 , Thomas et al., 2009 Geskin and 596 Behrmann, 2018) . Along similar lines, there is also an association between perception of 597 facial emotion and damage to the right IFOF (Philippi et al., 2009 ). Together, these findings 598 demonstrate that WM atypicalities can have clear behavioral consequences. This is just not 599 the case in many of the patients described here. 600
One explanation for the largely normal perceptual abilities, that we favor 601 speculatively, is that the remaining intact cortex -the entire contralesional hemisphere 602 together with the varying degree of intact tissue in the ipsilesional hemisphere in patients -is 603 sufficient to support normal function and behavior. That is, the normal WM integrity outside 604 the resection, without need for any enhancement either ipsi-or contralesionally, already 605 allows for effective neural activity. The cases of SN and TC with LH VOTC resections offer 606 strong support for this view. Whereas a typical visual word form area is localized in the LH 607 in majority of the population, in SN and TC, this region emerged in the RH, and yet, we see 608 no enhancement of the right WM pathways relative to controls. Additionally, the WM 609 damage here is well-circumscribed even in the ipsilesional hemisphere. Whereas the 610 degradation of WM associated with face processing deficits in neurodevelopmental cases is 611 diffuse across a tract, the damage as a result of surgery in our patients is confined to the site 612 of resection. 613 
